differences are related to dentoalveolar protrusion of the anterior teeth and soft tissue profile protuberance. 18, 19 The relationship between upper incisors position and upper lip protrusion has generated contradicting reports, with some studies having revealed a strong correlation between incisor movement and changes in perioral soft tissues, 4, 13 and others having attributed lip response to a variety of independent factors such as pre-treatment lip strain, lip structure and thickness, mandibular rotation and lower lip repositioning. 5, 7, 8, 20, 21 Considering the above, some change in lip position should certainly be expected in cases with notable movement of the anterior dentition. However, this effect does not follow a linear relationship; lip response seems to be decreasing the more incisor movement is increasing, 15 and thus, excessive retraction of incisors might not result in equal amounts of lip retraction. 4 Furthermore, thicker lips appear to respond less to incisor movement 20 and provide better support to lip morphology 21 ; but study results have been inconsistent due to the large variability among individuals, and most importantly, because changes in lip thickness during treatment are often not taken into consideration. When incisors are retracted, lip thickness increases before the lip repositions in cases that initially present lip compression. 16, 22 Therefore, the primary aim of this study was to explore the association between upper lip thickness and upper lip repositioning upon retraction of maxillary incisors, while controlling for lip thickness.
| MATERIAL S AND ME THODS

| Sample
The study protocol was reviewed and approved by the Tufts Health between January 2008 and January 2017 were reviewed. The following inclusion criteria were applied:
1. Extraction of two maxillary, or two maxillary and two mandibular premolars.
2.
Pre-and post-treatment lateral cephalograms of diagnostic quality with lips in repose position, including a millimetre ruler for calibration.
3.
Pre-treatment lip thickness within 1 mm from post-treatment lip thickness, as measured on a cephalometric radiograph.
4.
No history of orthognathic surgery, cleft lip and palate, or craniofacial syndromes and anomalies.
5.
Presence of a full permanent dentition (except third molars).
In order to assess the power of the study, a sample size calculation was conducted using nQuery Advisor (Version 7.0). Assuming a correlation of 0.4 between lip thickness and the ratio of change in incisor position to change in upper lip protrusion 6 it was determined that a sample of 100 subjects would be adequate to provide a power of 98% with a Type I error rate of 5% (significance level α = 0.05). 101 subjects (34 males and 67 females) met the inclusion criteria for this study and comprised the final sample population.
| Methodology
Demographic information of the sample population is presented in Table S1 . Pre-and post-treatment cephalograms were calibrated and digitally traced by one examiner using "ViewBox" (dHAL Software, Kifissia, Greece). The identified landmarks are described in Table S2 and displayed in Figure S1 .
Lip thickness was measured on pre-and post-treatment cephalograms as the horizontal distance between Labiale superius (Ls) and the most anterior point on the crown of maxillary incisor (U1; Figure 1 ). In order to eliminate the effect of lip compression, only subjects where lip thickness did not change more than 1 mm be- 
| Statistical analysis
Assumptions of normality and linearity in our data were tested with histograms and P-P plots of the residual regression values, 
| Error of the method
In order to assess random error, pre-and post-treatment images from 30 subjects were re-digitized by the same investigator 3 weeks after initial tracing. Those subjects were selected randomly by using the "sample" function of the statistical software package R (Version 3.1.2). Error of measurements (EM) was evaluated using two methods: Dahlberg's formula and BlandAltman method.
| RE SULTS
The Dahlberg's error values ranged from 0.03 to 0.28. Additionally, the visual examination of the Bland-Altman plots showed a good level of agreement between the two measurements made at two different occasions ( Figure S2 ). Thus, the error of the method was considered insignificant. Means and standard deviations of pre-treatment, posttreatment cephalometric values, and the observed changes between them are displayed in Table 1 .
Our data revealed a significant positive correlation (r = 0. 949, P < 0.001) between the change in maxillary incisor position (Δ U1 to SN-7º ) and the change in upper lip position (Δ Ls to SN-7º ; Figure S3 ). The average ratio between change in maxillary incisor protrusion and change in upper lip protrusion was 1.43:1. There was no correlation between this ratio and pre-treatment lip thickness (r = 0.003, P = 0.976; Figure S4 ).
Multivariate linear regression revealed that lip thickness, age and sex were not significantly associated with the amount of upper lip repositioning following the retraction of maxillary incisors ( Table 2 ).
The same multivariate regression model was applied for each of the four subgroups of the sample and produced similar results (Table 3) .
Regardless of lip thickness, the only variable associated with upper lip repositioning was the amount of maxillary incisor retraction. 
| D ISCUSS I ON
To minimize the confounding effect of change in lip thickness due to growth or pre-treatment lip compression, this investigation only studied cases with less than 1 mm difference between pre-and posttreatment lip thickness. Our results revealed a strong positive correlation between maxillary incisor retraction and upper lip retraction, which is in agreement with previous studies evaluating this relationship. 4, 11, 13 However, the large variability in soft tissue response among individuals 12, 23 needs to be underscored when attempting to formulate patterns in lip reaction to orthodontic tooth movement.
In our sample, average change in lip thickness between pre-and post-treatment cephalometric images was 0.29 mm (Table 1) , which falls within the range of measurement error, and therefore, soft tissue response in the present sample may be considered as a direct treatment outcome. It also needs to be noted that in some cases there was proclination of maxillary incisors during treatment, despite the extraction of premolars (Table 1 ). This finding, relates to what is often also found in clinical situations, where the presence of severe crowding is accompanied by retroclined anterior teeth. By controlling our sample for pre-and post-treatment lip thickness, soft tissue response was expected to follow incisor movement also in those cases.
As landmark for maxillary incisor position, we used the most protruded point on the labial surface of the incisor, rather than the incisor edge, which is in fact weakly linked to lip movement, when compared to measurements performed at the cervical level of the incisor. 8, 11, 13 In the multivariate regression model used in this study, sex, age and upper Despite an abundance of studies stressing the difficulty of predicting upper lip responses to orthodontic tooth movements 8, 23 based on large anatomical variability, the selection of the present sample was performed to control for anatomical variation and possible growth changes in lip thickness. Therefore, our results cannot be completely attributed to the presence of variation among subjects.
It appears that lip compression is probably a more important factor than lip thickness in clinically predicting lip response during orthodontic treatment. In cases where the upper lip is compressed before treatment due to excessive proclination or protrusion of maxillary incisors, this compression will be relieved before the lip starts following the movement of the incisors, and thus, lead to a varying degree of change in lip thickness, as observed on a lateral cephalometric image. Assuming that thicker upper lips are more likely to be compressed they might appear to retract less than thinner lips, which follow upper incisor retraction within the first few mm of retraction. In our study, this effect was controlled and therefore there was no significant difference in upper lip response, as related to lip thickness.
The presence of lip compression and its relief upon retraction of maxillary incisors have been previously studied and quantified, with 1.5-3 mm of maxillary incisors retraction needed for 1 mm of lip retraction. 16, 22 In the event of younger patients, of course, the effect of growth on lip dimensions needs to be taken into consideration, 24 as increases in lip dimensions have been observed in non-extraction cases where incisors were protruded. 25 In the presence of lip strain, the upper lip must stretch over the protrusive incisors on closure and becomes thinner. In our study, by excluding subjects with change in lip thickness greater than 1 mm between pre-and post-treatment cephalometric images we were able to assume that the influence of lip strain was minimized. 
| Limitations
| CON CLUS IONS
1. There is a strong positive correlation between maxillary incisors retraction and upper lip retraction. The average ratio for maxillary incisor retraction to upper lip retraction found in this study was 1.43:1.
2.
Pre-treatment lip thickness is not a good predictor of upper lip response to maxillary incisors movement specially when premolars extraction is planned.
3. It appears that the amount of pre-treatment compression of the upper lip due to maxillary incisor protrusion may be more important when assessing profile changes in patients where maxillary incisors are retracted.
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